Key Message Arabidopsis single and double mutants for energy dissipation (npq4) and state transitions (pph1, blocked in State II) show enhanced growth and flowers + siliques production under controlled low-light conditions. Abstract Non-photochemical quenching (NPQ) is a short-term regulation important to maintain efficient photosynthesis and to avoid photooxidative damages by dissipation of excess energy. Full activation of NPQ in plants requires the protonation of the PsbS protein, which is the sensor of the low lumenal pH triggering the thermal dissipation. State transitions are a second important photosynthetic regulation to respond to changes in light quality and unbalanced excitation of photosystems. State transitions allow energy redistribution between PSI and PSII through the reversible exchange of LHCII antenna complexes between photosystems thanks to the opposite action of the STN7 kinase and PPH1 phosphatase: phosphorylation of LHCII promotes its mobilization from PSII to PSI, while dephosphorylation has the opposite effect. In this work, we produced the pph1/npq4 double mutant and characterized some photosynthetic, growth and reproduction properties in comparison with wild-type and single-mutant plants in high-and low-light conditions. Results indicate that in high light, the pph1 mutant maintains good photoprotection ability, while npq4 plants show more susceptibility to photodamages. The pph1/npq4 double mutant showed a resistance to high-light stress similar to that of the single npq4 mutant. In low-light condition, the single mutants showed a significant increase of growth and flowering compared to wild-type plants and this effect was further enhanced in the pph1/npq4 double mutant. Results suggest that photosynthetic optimisation to improve crop growth and productivity might be possible, at least under controlled low-light conditions, by modifying NPQ and regulation of state transitions.
Introduction
During photosynthesis, light is absorbed by chlorophyll and carotenoid pigments, mainly localized in antenna proteins, and excitation energy is transferred to reaction centers where charge separation and electron transfer occur. Light is, therefore, indispensable for survival, but plants need to cope with Communicated by Youn-Il Park.
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The online version of this article (https ://doi.org/10.1007/s0029 9-019-02403 -3) contains supplementary material, which is available to authorized users. different environmental situations where light quantity and quality can be not optimal for photosynthesis. If absorbed energy is more than the quantity exploitable by plant metabolism, this can lead to a variety of harmful consequences for the plant and in particular to the production of reactive oxygen species (ROS) that can impair photosynthesis and diminish plant growth (Melis 1999) . A major source of ROS in plants is the chlorophyll in the triplet excited state formed by inversion of the spin of a singlet-excited chlorophyll which is not utilized for photochemistry, especially in situation of photosynthesis saturation (Krieger-Liszkay 2005) . Energy of triplet-state chlorophylls can be transferred to oxygen molecules to generate singlet-excited oxygen, a very harmful ROS (Krieger-Liszkay 2005) .
To avoid ROS formation, non-photochemical quenching (NPQ) dissipates excess energy as heat. NPQ is considered a short-term regulation important for maintaining efficient photosynthesis and avoid photo-oxidative damages in high or fluctuating light (Kulheim et al. 2002; Krah and Logan 2010; Hubbart et al. 2012) . The steady-state redox level of the primary quinone acceptor (Q A ) of PSII is a determinant parameter to have efficient photochemistry or photodamages under a variety of physiological and environmental conditions (Melis 1999) . When Q A is reduced, PSII reaction center is closed, and excitation energy at PSII must be dissipated to avoid photodamages. On the contrary, when Q A is oxidized, excitation energy can be efficiently utilized in photochemical reactions and electron transport. Under steady-light conditions, the reduction state of Q A increases gradually with irradiance causing a correspondingly increase in the probability of photodamage (Melis 1999) .
In recent years, numerous researches focused on NPQ mechanism (reviewed in (Muller et al. 2001; Li et al. 2009; Gorbunov et al. 2011; Wilhelm and Selmar 2011; ). Nevertheless, the precise mechanism is still unclear. It is known that full activation of qE, which is the major and fastest component of NPQ, requires a low lumenal pH, the synthesis of zeaxanthin through the activation of the xanthophyll cycle, the protonation of the PsbS protein and the participation of the Lhcb proteins of PSII . PsbS plays the key role of sensor of low lumenal pH thanks to two lumenal protonable glutamates (Li et al. 2000 (Li et al. , 2002b (Li et al. , 2004 . However, how PsbS can activate qE after protonation is still unclear, although PsbS properties have been investigated in many papers since long time (Muller et al. 2001; Li et al. 2002b Li et al. , 2004 Li et al. , 2009 Kalituho et al. 2006; Bonente et al. 2008 Bonente et al. , 2011 Kiss et al. 2008; Ruban 2010, 2011; Kereiche et al. 2010; Gorbunov et al. 2011; Kasajima et al. 2011; Wilhelm and Selmar 2011; Ruban and Murchie 2012; Niyogi and Truong 2013; Sylak-Glassman et al. 2014; Dong et al. 2015; Tibiletti et al. 2016; Ruban 2017; Sacharz et al. 2017; Głowacka et al. 2018) .
It has been proposed that PsbS itself is the site of energy quenching (Niyogi et al. 2005) ; however, because PsbS does not seem to bind pigments as other proteins of the Lhc family (Funk et al. 1995; Dominici et al. 2002; Bonente et al. 2008) , a property necessary to catch and quench excitation energy, it is probable that PsbS is not the quencher. Various results indicate that PsbS would be involved in the reorganization of the thylakoid macrostructure towards a quenching state triggering energy dissipation Kiss et al. 2008; Betterle et al. 2009; Kereiche et al. 2010) . Thus, quenching would occur inside the Lhc complexes by conformational change of these proteins (Ruban et al. 2007; Ahn et al. 2008; Holzwarth et al. 2009) .
A second important photosynthetic regulation to respond to changes in light intensity and quality is called "state transitions" (Bonaventura and Myers 1969; Murata 1969; Rochaix 2014) . State transitions are a mechanism by which excitation energy is redistributed between PSI and PSII when plants are exposed to lights that preferentially excite either PSI or PSII (Haldrup et al. 2001) . Indeed the absorption of PSI and PSII is different due to their different pigment-protein composition (Veeranjaneyulu and Leblanc 1994) . State transitions are induced by the redox state of the plastoquinone pool and the Cyt b 6 f complex (Wollman 2001; Mao et al. 2002; Lemeille et al. 2009; Minagawa 2011; Puthiyaveetil et al. 2012) . Redistribution of excitation energy between photosystems requires the reversible movement of LHCII, the major antenna protein of PSII, between PSII and PSI. The STT7 and STN7 kinase proteins in green algae and plants, respectively (Depege et al. 2003; Bellafiore et al. 2005) , and the plant PPH1 phosphatase protein (also called TAP38) have a fundamental role in state transitions (Pribil et al. 2010; Shapiguzov et al. 2010) . In plants, under illumination conditions that are favorable for PSII excitation (red/blue light), the plastoquinone pool (PQ) becomes more reduced, the STN7 kinase is activated and phosphorylates LHCII, part of which migrates to PSI (State II condition). Under light conditions that preferentially excite PSI (as far-red light), PQ is oxidized, STN7 kinase is inactivated, LHCII dephosphorylation is catalyzed by the PPH1 phosphatase and LHCII returns to PSII (State I). Mobile antennas between PSII and PSI represent about 20-25% of the total pool of LHCII in higher plants (Allen 1992) , mainly represented by LHCII loosely bound to PSII (Galka et al. 2012 ). This reversible redistribution exhibits kinetics for induction/ relaxation of about 15-30 min (Haldrup et al. 2001; Allen 2003) .
The PPH1 phosphatase responsible for the dephosphorylation of LHCII (Pribil et al. 2010; Shapiguzov et al. 2010 ) is a thylakoid-associated phosphatase of 38 kDa. In pph1 Arabidopsis plants inactivated for the PPH1 function, P-LHCII is not dephosphorylated and thylakoids are blocked in the so-called "State II", enriched in PSI-LHCII complexes (Pribil et al. 2010; Shapiguzov et al. 2010) . It has been also shown that the pph1 mutants have a particular and unexpected growth phenotype in low light. Indeed, it has been reported that LHCII hyperphosphorylation due to inactivation of PPH1 could improve growth under low-light conditions (Pribil et al. 2010) . Physiological importance of state transitions on plant growth and fitness has been well demonstrated in the presence of the stn7 mutation (Tikkanen et al. 2010) , which blocks thylakoids in State I, while less physiological characterisation of the pph1 mutant (blocked in State II) is available.
In the context of the study of photosynthetic regulation by energy quenching (NPQ) and state transitions, we produced the pph1/npq4 double mutant by crossing npq4 and pph1 Arabidopsis mutants. In this paper, we report results on photosynthetic properties in low light and high light, and on growth and reproduction in low light of the pph1/npq4 double mutant in comparison with single mutants and wildtype plants.
Materials and methods

Plant growth conditions
Low-light (LL) growth experiments were performed in a growth chamber with ~ 20 µmol m − 2 s − 1 homogenous illumination; normal light (NL) was set at ~ 120 µmol m − 2 s − 1 ; long day (16 h light/8 h dark) and 22 °C were set both for LL and NL conditions. The spectra of the light sources are shown in supplemental information (Fig. S1 ).
Creation of the pph1/npq4 double mutant
To produce the pph1/npq4 double mutant, we crossed pollen of pph1.3 (GABI_232H12, Col-0 ecotype) (Alonso et al. 2003; Shapiguzov et al. 2010 ) with ovule of npq4.1 (Col-0 ecotype) (Li et al. 2000) . The sterilized F1 seeds were grown on the MS medium plates with sulfadiazine (5 mg/l), carried in the T-DNA used in the GABI lines (Awan et al. 2008) . 10-Day F2 plantlets surviving on medium containing sulfadiazine were screened first for NPQ phenotype (psbS mutation) by video imaging of chlorophyll fluorescence, similarly as in Niyogi et al. (1998) . Putative double mutants were screened a second time for NPQ and by fluorescence at 77K to detect plants blocked in State II (Pribil et al. 2010; Shapiguzov et al. 2010) . Far-red light was used to induce State I (Philips E27PF712E, a red darkroom lamp). Leaves were ground in a buffer containing 10 mM Hepes-KOH, pH 7.5 and 100% (w/v) of glycerol. Low-temperature (77K) fluorescence emission spectra were recorded on this extract in liquid nitrogen using a Cary Eclipse spectrofluorometer. Excitation was at 475 nm (slit width 2.5 nm) and emission was recorded in the 600-800-nm range (slit width 2.5 nm). F3 plants from the putative F2 double-mutant plants were confirmed by comparison of NPQ and low-temperature fluorescence emission spectra with single mutants of npq4, pph1 and wild-type Col-0 ecotype (Fig. 1a, b) . The presence of PsbS and PPH1 proteins was checked by immunoblot analysis using antibodies directed against PsbS (Tibiletti et al. 2016 ) and against PPH1 (antibody raised against the peptide (C)TKKNDMLKKGVDEG). Homozygote F3 plants were used in the following experiments.
Plant growth, flower/silique production and light stresses
Seeds used for growth experiments were harvested for each genotype from plants grown in the same conditions (22 °C, 16 h light, 120 µmol photons m − 2 s − 1 ). Seed had similar germination rate, and identical germination time and initial growth (by visual inspection). Plant growth at advanced stages was determined as dry weight of the rosette of plants grown 17 days in normal light and then 20, 33 and 37 days in low light for test 1, test 2 and test 3, respectively (Fig. 3 ). Siliques and flowers were counted on plants grown 17 days in normal light then 24 and 37 days in low light, indicated as test 1 and test 2 in Fig. 6 . High-light stresses were performed using cool-white LED lights (Fytoled, Photon System Instruments), which provide a uniform vertical light. Thanks to the use of LED sources and large chambers (several cube meters), no significant change of the temperature was present on a single plant or between plants during high-light treatments. For all experiments, plants were randomized during treatments.
Pigment analysis
Frozen leaves were ground in a mortar and pigments extracted by repeated washing with acetone 90% buffered with Na 2 CO 3 . Extracts were diluted to 80% acetone and analyzed for total chlorophyll content and Chl/carotenoid ratio by fitting of the absorption spectra (Croce et al. 2002) taken with a Cary300 spectrophotometer, and by high-performance liquid chromatography (Campoli et al. 2009 ), which allows the precise estimation of single carotenoid content.
Fluorescence analysis
PAM measurements were performed using a dual PAM-F (Walz) or an imaging fluorometer (Fluorcam FC 800-O; Photon System Instruments) at room temperature and using standard procedures. The maximum PSII quantum yield and the actual PSII quantum yield during a light period were measured accordingly to the equations: Fv/Fm = (Fm-Fo)/ Fm and ΦPSII = (Fm' -Ft)/Fm' (Genty et al. 1989) . Fm 1 3 is the maximum fluorescence yield and Fo is the minimal fluorescence yield of plants dark adapted for 30 min at room temperature; Fm' is maximum fluorescence yield of lightadapted plants and Ft is the steady-state fluorescence yield under actinic light. NPQ was calculated as (Fm-Fm')/Fm'. State transitions have been measured using the imaging fluorometer as described in Crepin and Caffarri (2015) .
Statistical analysis
Statistical analysis was performed using the Student's t test and differences were considered significant when the p value was less than 0.05. Details about sample size and specific conditions for measurements are provided in the legend of the figures and tables.
Results and discussion
Isolation of the pph1/npq4 double mutant
The double pph1/npq4 mutants were screened on the F2 seedling using the typical phenotypes of the single parental mutants: NPQ decrease of the npq4 mutant (Li et al. 2000) and an elevated PSI fluorescence emission at 77K in the pph1 mutant compared to wild-type plants after a fluorescence emission spectra of leaves from wild-type (WT) and mutant plants. Preliminarily, plants have been exposed for 45 min to a far-red light to induce State I. The spectra were normalized at the maximum PSII emission (peak at 684 nm). Traces are the average of replicates on four independent plants for each genotype. SE at the maximum emission of PSI is indicated. c Immunoblot analysis to test the absence of PsbS and PPH1 proteins in the double pph1/npq4 mutant. Specific antibodies against PsbS and PPH1 have been used on thylakoid proteins purified from a pool of several plants for each genotype (grown in NL). Proteins were loaded on an SDS-PAGE on a chlorophyll basis (1.5 µg of total Chls). The loading control is a Sypro stained gel (Lhc region ~ 22-28 kDa) run with the same sample preparations and in the same 10-well gel. d Kinetics of State I to State II transition induced by blue light after 15 min of State I induction by far-red light detected as fluorescence decrease (methods described in Crepin et al. 2015) . Average curves of eight plants for each genotype and SE are shown. For all experiments here shown, F3 plants have been used for the double mutants. Homozygosis was further checked by decreased NPQ induction and lack of state transitions using an imaging PAM fluorometer (supplemental Fig. S2 ) preliminary exposure to PSI light (far-red) to induce State I (Pribil et al. 2010; Shapiguzov et al. 2010) . The detection of the pph1 mutation was also facilitated by the survival of plants on a medium containing sulfadiazine (the marker on the T-DNA of the GABI collection used to isolate the pph1 mutant).
F3 plants obtained from putative homozygote pph1/npq4 double-mutant plants were further checked for the presence of the double mutation using several phenotypic traits (Fig. 1) . The NPQ decrease was clearly observed in pph1/npq4 double mutants compared with wild-type plants and was similar to npq4 mutants (Li et al. 2000) (Fig. 1a) . The constitutive association of phosphorylated LHCII with PSI (State II) in mutant plants has been confirmed by the relative increase of PSI to PSII cross section by measurement of low-temperature fluorescence emission spectra, since PSI and PSII emissions are well separated (peak at 734 and 684 nm, respectively; Fig. 1b) . A significant emission of PSI fluorescence was observed in pph1 and in the double mutants compared with wild-type and npq4 plants indicating that PSI-LHCII complexes were always persisting in these mutants, but not in npq4 and in wild-type plants. The absence of the PsbS and PPH1 proteins was confirmed by immunoblot using specific antibodies (Fig. 1c) . Finally, the absence of state transition was confirmed using imaging PAM fluorescence techniques ( Fig. 1d and supplemental Fig.  S2 ). We concluded that both psbS and pph1 are mutated in our selected putative double mutants. We also did not detect any significant influence of a single mutation (npq4 or pph1) on phenotypic traits associated with the second gene (respectively, state transition capability/PPH1 accumulation and NPQ induction/PsbS accumulation, Fig. 1b-d and supplemental Fig. S2 ). This suggests that, at least for the phenotypes investigated, there are no evident interactions between photosynthesis regulations controlled by PsbS and PPH1.
Response of mutants lacking PsbS and PPH1 to high-light stress
We estimate the photoprotective ability of the double mutant and the single mutants in comparison with wild-type plants during a high-light stress. Under high light, the reaction centers of photosystems become progressively saturated resulting in a decrease of energy utilization in photosynthesis and a subsequent increase of "unused" harmful excitation energy in the photosynthetic membrane. This effect is particularly evident on Photosystem II and it can be observed as a change in PSII chlorophyll fluorescence properties. To this aim, we measured the Fv/Fm parameter, which provides the maximum quantum yield of PSII photochemistry, an important physiological indicator of the state of the photosynthetic apparatus in intact plant leaves (Genty et al. 1989 ).
Plants grown under normal light have been treated with 1500 µmol m − 2 s − 1 at ~ 12 °C (Fig. 2) . Fv/Fm measured before stress was the same for all genotypes, accordingly to previous publications on single mutants (Li et al. 2000; Pribil et al. 2010) . After a 10-h treatment under high light (Fig. 2) , Fv/Fm of all genotypes measured after 30-min room temperature dark-adaptation decreased compared with values before stress indicating that PSII was photoinhibited during the high-light stress. The decrease of Fv/Fm (Fig. 2) was higher in the npq4 mutant and in the pph1/npq4 double mutant, which had similar values, while WT and pph1 mutant plants had similar Fv/Fm and thus were less photoinhibited than npq4 and pph1/npq4 plants. Similar conclusions have been obtained in experiments performed at 22 °C (supplemental Fig. S4 ). This indicates that a higher photoinhibition under constant high light is associated only with the npq4 mutation, while the pph1 mutation has a negligible effect on the photoprotective capability under these conditions. This is consistent with the fact that a reduced thermal dissipation (NPQ) in mutants lacking PsbS (Li et al. 2000 (Li et al. , 2002b leads at high-light intensities to overexcitation and damage of PSII. The result supports also that state transitions are an important regulative mechanism under nonsaturating light conditions, while they are inhibited under high light (Rintamaki et al. 1997 (Rintamaki et al. , 2000 ; Tikkanen et al. Fig. 2 Maximum quantum yield of PSII (Fv/Fm) measured before and after treatment by high light. Plants grown ~ 3 weeks in NL were treated under 1500 µmol m-2 s-1 and 12 °C in a cold room for 10 h. Fv/Fm values (± SE) are the average values of measurements using an imaging PAM system on ten plants for genotype. The full plant was imaged (see Fig. S3 for an example). The Fv/Fm decrease of npq4 and pph1/npq4 compared with wild type is statistically significant with p value < 0.001. Difference between WT and pph1, and between npq1 and pph1/npq4 was not statistically significant. A highlight stress experiment at normal temperature is presented in supplemental Fig. S4 and provided similar conclusions (that is a comparable decrease of Fv/Fm in WT and pph1 plants, and a more pronounced and comparable decrease of Fv/Fm in npq4 and pph1/npq4 plants)
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2008, 2010). Indeed dissipation of excess energy (NPQ) is more important under high light than the control of relative absorption of photosystems (state transitions). Our results also show that the absence of PsbS has an impact during a short high-light stress both when plants are in State I (as in the case of the npq4 single mutant) or in State II (as in the case of the pph1/npq4 double mutant, which is blocked in State II).
It should be noted that the pph1 mutant has a PSI antenna size increased compared to control plants even under a short high-light stress (Mekala et al. 2015) as well as after several hours under high light (supplemental Fig. S5 ). However, even if not directly measured in our work, PSI does not seem more damaged in the pph1 mutants compared to the respective control plants under high light. If it was the case, impaired electron transport at PSI would also cause some damage to PSII, an effect that has not been detected in our experiments ( Fig. 2 and supplemental Fig. S4 ). PSI is usually able to efficiently dissipate excess energy and a significant photoinhibition can be detected only in conditions of acceptor side limitation (Sonoike 2011) . Indeed, PSI photoinhibition is particularly visible at temperature lower than 10 °C in chilling sensitive plants as cucumber (Sonoike et al. 1995) and even in cold-resistant plants as barley and Arabidopsis at 4 °C (Tjus et al. 1998; Zhang and Scheller 2004) . In these conditions, a decreased activity of the enzymes of the Calvin cycle and of the water-water cycle causes a non-utilization of reduced PSI acceptors (Ferredoxin) with a consequent over-reduction of the Fe-S clusters in PSI, a subsequent formation of reactive oxygen species and finally damages to PSI. A similar PSI photoinhibition can be obtained in mutants impaired in cyclic and pseudocyclic electron flows, which, in WT plants, allow alleviating PSI acceptor side limitations and sustain NPQ activation by decreasing luminal pH (Asada 2002; Munekage et al. 2004; Suorsa et al. 2012; Gerotto et al. 2016; Shikanai and Yamamoto 2017) . Therefore, it is evident than in the conditions used in our experiments (constant high light at 12 °C, Fig. 2 , or 22 °C, Fig. S4 ), additional LHCII attached to PSI in the pph1 mutants does not cause any particular damage to PSI. In these conditions, cyclic and alternative electron pathways seem sufficient for protecting PSI in pph1 plants in a similar way as in WT plants.
At the same time, the decreased antenna size of PSII in the pph1 does not cause a reduced photoinhibition of this photosystem under high light ( Fig. 2 and supplemental Fig.  S4 ). It should be noted, however, that only a relatively small fraction of LHCII (~ 20%) would associate with PSI in State II (Allen 1992; Galka et al. 2012) . Moreover, NPQ capacity, which depends on several factors (in particular on PsbS and zeaxanthin amounts and on luminal pH), is similar in pph1 and WT plants (Fig. 1) , which allows an equivalent PSII photoprotection in both genotypes.
It can be concluded that state transitions do not have a positive effect on photoprotection under constant high light, but neither a negative impact. However, as previously suggested (Mekala et al. 2015) , it is likely that under fluctuating light, the slowly reversible state transitions might have a negative impact during a shift from high to low light because of excitation imbalances between photosystems. For this reason, plant would avoid state transitions under high light (Rintamaki et al. 1997; Mekala et al. 2015) .
Pigment composition change of mutants lacking PsbS and PPH1 under different light conditions
Chlorophylls and carotenoids are responsible for the absorption of light and transfer of excitation energy to reaction centers for photochemistry. Carotenoids have also an important role in photoprotection during a light stress. Therefore, the determinations of leaf pigment content can provide valuable information about photosynthetic complexes in mutants or during a stress. Moreover, the complete activation of NPQ requires not only the protonation of PsbS (Li et al. 2000 (Li et al. , 2004 Dominici et al. 2002) , but also the synthesis of zeaxanthin during the xanthophyll cycle operations (Demmig-Adams 1990). Zeaxanthin free in the membrane has also a role in photoprotection independent from NPQ, being an efficient scavenger of ROS (Havaux and Niyogi 1999) . Thus, to investigate the acclimation response to different light conditions, pigments from leaves of mutants and wild-type plants grown in normal light, low light and treated under high light were extracted and analyzed by HPLC and spectrophotometry (Table 2) .
Pigments from leaves acclimated at low light and normal light were similar between the four genotypes (Table 1 ). In particular under low light and in normal light, mutant and wild-type plants (Table 1) had similar Chl a/b ratios of ~ 3.0. Similar pigment composition between wild type and npq4 was already reported (Li et al. 2002a ). However, after highlight treatment, plants exhibited a change in chlorophyll and carotenoid pigment contents. Chl a/b ratio reflects a change in the supercomplex structure. It is indeed well known that antenna complexes are reduced under high light, and indeed an increase in the Chl a/b ratio indicates a reduction of Lhc antenna (rich in Chl b) relatively to the core complex (lacking Chl b). The change of Chl a/b ratio in the npq4 mutant was similar to that of wild-type plants, which could reflect a similar acclimation to high light when the stress is prolonged (Golan et al. 2006 ). This ratio was particularly elevated in the pph1 single mutant, but not in the double pph1/npq4 mutant. This point needs a further analysis to understand the molecular basis at the origin of this particularly high Chl a/b ratio in the single pph1 mutant and not in the double mutant.
Carotenoids bound to proteins or free in membrane play important roles for photoprotection in plants. In low . The de-epoxidation index is indicated in the last column as ratio between (0.5*Ant + Zea)/(Vio + Ant + Zea). Ant at the numerator is multiplied by 0.5 since Ant has just one de-epoxidised ring, while Zea has both terminal rings de-epoxidised. For all pigments and ratios, relative errors are lower than 5% (generally ~ 1%). Statistically significant differences (p value < 5%) are indicated in parenthesis: "w", "n", "p" and "pn" mean that a value is statistically different from the value in the same condition of the WT, npq4, pph1
and pph1/npq4, (Table 1) , and the carotenoids of the xanthophyll cycle, violaxanthin (Vio), antheraxanthin (Ant) and zeaxanthin (Zea) displayed the highest increase (35-55%). These carotenoids are involved in the process of non-photochemical quenching of the absorbed energy (Demmig-Adams 1990) and other photoprotective mechanisms (Havaux and Niyogi 1999) . The xanthophyll cycle consists in the reversible de-epoxidation of violaxanthin to zeaxanthin via the intermediate antheraxanthin (Demmig-Adams 1990). The de-epoxidation takes place when the violaxanthin de-epoxidase is activated by a low lumen pH due to the formation of a high transmembrane proton gradient during high illumination (Gilmore and Yamamoto 1992) . However, despite higher amounts of the xanthophyll cycle carotenoids (VAZ = Vio + Ant + Zea) in the presence of the pph1 mutation, the de-epoxidation index [(0.5Ant + Zea)/VAZ] was similar between the four genotypes.
In addition, also the other carotenoids (neoxanthin, lutein and β-carotene) increased in mutants carrying the pph1 mutation compared with the wild type under high light. Notably, the highest carotenoid increased (i.e., the lowest Chls/Cars ratio) was found in the double mutant. In conclusion, under non-stressing condition, all genotypes had a similar carotenoid content, while under high light the npq4 mutant showed a very small increase (but statistically not significant in our analysis) in total carotenoid content compared with the wild type, the mutant lacking PPH1 showed a stronger effect and the double mutant had the highest Cars content. The increase of the carotenoid content in the double mutant could be a photoprotective response to compensate the presence of impaired regulations of photosynthesis. Nevertheless, the pph1/npq4 mutant is more susceptible to photoinhibition than pph1 and wild-type plants, and it is not more resistant to highlight stress than the single npq4 mutant. This suggests that the increase of carotenoids is not sufficient to compensate photoprotection in the absence of an efficient NPQ. The reason for a higher content of carotenoids (on a Chls basis) in plants blocked in State II is not clear. This could be also related to a decrease in total Chls in these mutants, but this point will need further investigation.
Plant lacking PsbS and PPH1 shows enhanced growth, and flower and silique production in low-light condition Plants growing in natural environment undergo multiple photosynthesis regulations to respond to different light intensities (often rapidly fluctuating) and finally optimize plant fitness and survival.
State transitions, as discussed previously, are an important regulation under non-saturating light. Plants deficient in the phosphatase PPH1/TAP38 are blocked in State II, causing a constitutive increase of the antenna size of PSI compared with wild-type plants (Pribil et al. 2010; Shapiguzov et al. 2010) . Interestingly, it has been reported that the pph1 mutant has enhanced photosynthetic performance in low light, as indicated by an increase in ΦPSII, a decrease of 1-qP (reduction state of the primary electron acceptor in PSII), and finally a growth advantage under constant lowlight intensity (Pribil et al. 2010 ). This has been explained by a more robust photosynthetic electron flow under conditions inducing State II in the pph1 mutant compared with wildtype plants (Pribil et al. 2010) .
Thermal dissipation of excess energy is a regulative process important under high light. Even if in competition with photosynthesis, NPQ does not reduce photochemistry at high irradiance, since light is in excess with respect to the photosynthetic capacity. On the contrary, under fluctuating irradiance, it is proposed that dissipation of energy could reduce the quantum yield of photosynthesis and thereby CO 2 assimilation (Long et al. 1994; Hubbart et al. 2012; Kromdijk et al. 2016) .
Since PsbS-dependent energy dissipation should not be necessary under controlled non-stressing conditions, we checked the effect of the lack of PsbS on growth under very low light conditions. WT and mutant plants were grown 17 days in normal light (this is necessary to avoid excessive stem elongation of germinating plantlets) and then placed under stable lowlight conditions (~ 20 µmol photons m − 2 s − 1 ) in a growth chamber. Three experiences (tests 1, 2, 3) were performed under the same illumination conditions. The dry weights of the rosettes have been determined after 20, 33 and 37 days of growth in low light for tests 1, 2 and 3, respectively. Results (Fig. 3) show a clear improvement of plant growth (dry weight) of all mutants compared with the wild type in low light. The absence of PsbS in the npq4 mutant led to a growth increase of 60%, 10% and 14%, respectively, in tests 1, 2 and 3, while this increase was 28%, 19% and 9% in the absence of the PPH1 protein. Interestingly, in the double mutant the increase was even higher, being 63%, 25% and 26%. All growth differences were statistically significant with respect to the wild type. The comparison of growth of double mutant versus single mutants showed differences statistically significant in some case (noted with # in Fig. 3) , with the double mutant showing the best growth. The general trend for the double mutant suggests that a cumulative effect on growth of the two mutations is present.
We observed that the growth increase under low light of mutants compared with wild-type plants was reduced with increasing times (Fig. 3) . This could be explained by a reduction of growth due to the entering in the reproductive phase thus buffering the difference between wild-type and mutant plants.
A similar result was found for the number of siliques and flowers (Fig. 4) . We found an increase of silique and flower numbers in the npq4 mutant of ~ 12% (with p value = 7%) for test 1 and 11% (with p value = 0.2%) for test 2. The increase of silique and flower numbers in the pph1/npq4 mutant with respect to the wild type was ~ 23% with high confidence (p value < 0.06% for both tests), while for the pph1 mutant this value was 23% (p value = 1%) for test 1 and 16% (p value = 0.03%) for test 2. Silique and flower number increase in the pph1/npq4 mutant compared with single mutants was statistically significant in test 2, suggesting that, as for growth, a cumulative effect of the two mutations might exist.
To test the effect of an over-accumulation of PsbS, we also checked growth and silique production of L17 plants, a line obtained by transformation of WT (Col-0) plants with a genomic fragment containing the psbS gene and over-accumulating PsbS (Li et al. 2002b) . L17 plants showed a clear lower growth than npq4 plants, and similar or lower growth than WT plants (Fig. 5a ). Silique production after 55 days in LL was the highest in npq4 plants and the lowest in L17 plants (Fig. 5b) . During the same experiment, we also noted that after 49 days at LL, all ten npq4 plants, seven WT plants and only one L17 plant had at least one silique per plant.
Finally, we checked the PSII quantum yield under low and normal light of WT, npq4, pph1 and the double-mutant plants (Table 2) . We found a small but statistically significant difference between mutants and wild type for PSII yield at low-light intensity, which could explain the improved growth of mutants, but we were not able to observe a higher PSII yield for the double mutant compared with single mutants. This could be explained by technical issues to discriminate very small variations in fluorescence parameters. However, a little difference in PSII yield could be amplified when total growth is analyzed after several days in low light. Indeed, growth cumulates the effect of an improved photosynthesis and is a better indicator than the instantaneous yield of PSII to discriminate photochemical efficiencies of different genotypes during prolonged growth under low light. As alternative explanation, the increased growth in the pph1/npq4 double mutant is not only dependent on ΦPSII, but a positive effect from association of both mutations would lead to an improved growth that does not depend on the addition of ΦPSII increases of single mutants (which we did not detect).
Under normal light, PSII yield (Table 2) and growth (Fig. 6) were similar in mutant and wild-type plants, Fig. 3 Growth of wild type, double and single mutants were determined as dry weight of plants grown for 17 days in NL, and then 20, 33 and 37 days in low light for test 1, test 2 and test 3, respectively. The figure presents the average values and SE of 6, 10, and 12 plants for each genotype for test 1, test 2 and test 3, respectively. Growth differences between wild type and mutants are all statistically significant with p value < 5%. Statistically significant differences between the pph1/npq4 double mutant and the single mutants are indicated with the # symbol above the single mutant. The relative growth increase of mutant plants in comparison with wild-type plants is indicated in the bar inset Even if other investigations will be necessary to evaluate the phenotype of the pph1 mutations (alone and in combination with the npq4 mutation) under other light conditions, as PSI light (light enriched in far-red) and fluctuating light, our results support the fact that under constant high light, the pph1 mutation has little effect on photoprotective ability and at low-light intensity the pph1 mutant shows an improved growth, as previously shown by Pribil and co-workers (Pribil et al. 2010) , and also an increased flower and silique production (this work).
Interestingly, the lack of PsbS in the npq4 mutant leads to a similar enhanced growth and a higher number of flowers and siliques under low-light conditions. A possible explanation for the enhanced growth of npq4 mutants is that a higher photosynthetic activity is due to the absence of PsbS, which could be partially active even at very low light and induce some grana membrane reorganization favorable to energy dissipation Kiss et al. 2008; Betterle et al. 2009; Kereiche et al. 2010) . The fact that PsbS accumulation is significantly downregulated in shade plants as Physcomitrella patens (Gerotto et al. 2011) , as well as not or barely detectable in other green organisms living in shade conditions (Bonente et al. 2008) , is in agreement with a possible negative effect of this protein under very limiting light conditions. The result on growth and silique production obtained with L17 plants, which overaccumulates PsbS and shows lower performances under LL, supports a negative effect of PsbS under low light. It should be noted, Average values and SE of measurements on eight plants per genotype, each plant measured on three leaves. The increase of PSII yield in mutants is statistically significant compared to that of wild type in LL (p value < 5%), but the difference between double mutant and single mutants is not statistically significant. In NL, differences are not statistically significant however, the lower performances in transformed plants can be obtained for several reasons (such as mutation at the insertion site, ectopic protein accumulation) and, in the case of L17 plants, we cannot exclude pleiotropic negative effects on photosynthesis due to an over-accumulation of PsbS in membrane. However, a positive effect on growth of mutant lines compared to WT plants is generally much unexpected. This support the fact the improved performances of npq4 plants at low light are associated with the lack of PsbS. It is also interesting to observe that the effect of the pph1 and npq4 mutations seems to be cumulative under our controlled low-light conditions. However, in our work (Figs. 1, 2) , we did not detect interactions between the two photosynthesis regulations (PsbS-NPQ and PPH1-state transitions), which thus seem to work independently.
In conclusion, these results are in line with the idea that several photosynthetic regulations have evolved in plants to optimize fitness rather than net plant growth under natural conditions (Murchie and Niyogi 2011; Kromdijk et al. 2016) . Therefore, it might be possible to improve performances of plants grown under particular controlled condition by acting on photosynthesis at a molecular level. Similar mutations for NPQ and state transitions in agronomic relevant plants that experience light conditions strongly limiting for growth would be interesting to test to estimate the potential for applications of our results found on the model plant Arabidopsis.
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